We carried out molecular dynamics simulation of amorphous silicon nitride containing boron and carbon, in order to investigate the short-range atomic arrangement and diffusion behavior. In amorphous Si-B-N, boron atoms are in a nearly threefold coordinated state with nitrogen atoms, while boron atoms in amorphous Si-B-C-N have bonding with both carbon and nitrogen atoms. Carbon atoms in Si-B-C-N are also bonded to silicon atoms. The self-diffusion constant of nitrogen in Si-B-N becomes much smaller than that in amorphous Si 3 N 4 . Also, amorphous Si-B-C-N exhibits smaller self-diffusion constants of constituent atoms, even compared to Si-B-N. Addition of boron and carbon is important in decreasing atomic mobility in amorphous Si-B-C-N. This may explain the increased thermal stability of the amorphous state observed experimentally.
Introduction
It is well known that amorphous Si-based nonoxide materials are good candidates for high temperature applications due to their excellent thermal and mechanical properties. [1] [2] [3] [4] [5] [6] [7] [8] Amorphous Si 3 N 4 -based materials, such as Si-C-N and Si-B-N, can be prepared via polymer pyrolysis using suitable precursors. One of their interesting properties is that these materials are able to maintain the amorphous state at more than 1500
• C. It has also been reported that they exhibit excellent oxidation and creep resistance at high temperatures, keeping their amorphous state. [9] [10] [11] [12] The high temperature stability of amorphous Si 3 N 4 -based materials strongly depends on additional elements such as boron and carbon. Baldus et al. reported that amorphous Si-B-N and Si-B-C-N materials retain amorphous up to 1700
• C and 1900
• C, respectively. 5, 6) Riedel et al. showed that amorphous Si-B-C-N remains in the amorphous state up to 2000
• C. 4) Very recently, Wang et al. also reported that amorphous Si-B-C-N keeps its amorphous state up to 2200
• C. 8) These Si-B-N and Si-B-C-N systems exhibit much higher thermal stability, as compared to binary amorphous Si-N.
2) Moreover, it is likely that thermal stability of Si-B-C-N is higher than that of Si-B-N. We can say, therefore, that addition of both boron and carbon into the amorphous state is able to improve the thermal stability significantly.
Since atomic structures in amorphous Si-B-N and Si-B-C-N should be closely related to the excellent thermal stability, a number of experimental studies on the atomic structures were performed using nuclear magnetic resonance, X-ray diffraction and neutron diffraction techniques. [13] [14] [15] These experiments indicated that the amorphous network of Si-B-N is composed of SiN 4 and BN 3 structural units and has a homogeneous distribution of elements through the amorphous state. Heinemann et al. also studied short-range atomic ordering and elemental distribution in amorphous Si-B-N and Si-B-C-N, from their pair distribution functions and highresolution elemental mapping using energy-filtering transmission electron spectroscopy. 16) They suggested that amorphous Si-B-C-N may contain Si-C, B-C and C-C bonds in addition to Si-N and B-N bonds, although their experimental data did not clearly reveal the presence of these additional bonds in the amorphous network. Due to such a complicated atomic structure of Si-B-C-N, however, characteristics of the amorphous network have not been fully understood.
The amorphous state of Si-B-C-N finally crystallizes into thermodynamically stable phases such as Si 3 N 4 , BN and SiC. 17) At high temperatures before crystallization, the amorphous network will undergo rearrangement so as to bring about phase separation into Si 3 N 4 -rich, BN-rich and SiCrich regions. Since constituent atoms are homogeneously distributed in the amorphous state, diffusion processes are necessary for the crystallization behavior. Riedel et al. revealed that crystallization of amorphous Si 3 N 4 is rate-controlled by diffusion processes.
18) It can be expected, therefore, that addition of boron and carbon will have a great influence on diffusion properties of amorphous Si-B-C-N systems. Bill et al. also suggested that boron has a retarding effect on atomic mobility in amorphous Si-B-C-N, from their experimental observations of the microstructures after crystallization. 17) To clarify the physical origin of the unexpected thermal stability of amorphous Si-B-C-N, however, it is necessary to examine the amorphous network and effects of boron and carbon atoms on diffusion processes when these atoms are homogeneously distributed in the amorphous state.
In this study, we performed molecular dynamics (MD) simulations of amorphous Si-B-C-N, in order to investigate the atomic structure and diffusion behavior. By comparing with the amorphous systems of Si-N and Si-B-N, effects of addition of boron and carbon on the thermal stability of amorphous Si-B-C-N will be discussed in terms of atomic diffusion at a high temperature.
Computational Procedure
We conducted MD simulations of amorphous Si-B-C-N using the program MASPHYC (Fujitsu). Amorphous systems were calculated in the constant-volume and constanttemperature ensemble. We employed systems with chemical compositions of Si 3 N 4 , Si 3 B 3 N 7 and Si 3 B 3 C 3 N 4 . The system of Si 3 B 3 C 3 N 4 corresponds to the one where a part of N atoms in Si 3 B 3 N 7 are replaced by carbon atoms. To create an initial structure for MD, a random mixture with a composition of Si 3 N 4 , Si 3 B 3 N 7 or Si 3 B 3 C 3 N 4 in a cubic simulation box was generated, where the density was 2.5 g/cm 3 . This is because several experimental studies of precursor-derived amorphous Si 3 N 4 -based materials showed a density of around 2.5 g/cm 3 . The system of Si 3 N 4 contains 896 atoms, while those of Si 3 B 3 N 7 and Si 3 B 3 C 3 N 4 have 832 atoms. To generate amorphous structures from the initial random mixtures, simulations at 8000 K for 4.0 × 10 −12 s (4.0 ps) were carried out. Subsequently, systems were equilibrated at 1400 K for 30.0 ps. After equilibration, further MD runs were performed at 1400 K for 120.0 ps. Three-dimensional periodic boundary conditions were imposed on the systems. A time step of 0.2 × 10 −15 s (0.2 fs) was employed for all runs. In this study, the Tersoff potential was used to describe atomic interactions in Si-B-C-N systems. [19] [20] [21] [22] Detailed expressions of the Tersoff potential are given elsewhere. 19) This potential model includes three-body interactions between atoms, which represent bond-bending and bond-stretching effects on atomic interactions due to the covalent nature of bonding. This was originally developed for one-component systems such as Si and C, and was later extended to multicomponent systems such as SiC and Si 3 N 4 . 21, 23) In this study, we used available potential parameters in Ref. 24) for Si, B and N, and those in Ref. 25) for C. Although the original definition of the Tersoff potential contains bonding interactions of all possible atomic pairs in a simulated system, 21) we took account of bonding interactions of Si-N, Si-C, Si-Si, B-N and B-C in this study. This is because these are expected to dominate in the network structure of amorphous Si-N, Si-B-N and Si-B-C-N according to previous studies. 4, 6, 16) Amorphous structures calculated by MD were analyzed in terms of pair distribution functions (PDFs). A total PDF G(r) is calculated as
where
n i and N indicate the number of atomic spieces i and the total number of atoms in a system, respectively. g i − j (r) is the partial PDF for an atomic pair i − j expressed as
where n i − j (r) indicates the number of atomic species in a spherical shell between r − ∆r/2 and r + ∆r/2 centered at atom i. The average coordination number z i − j with respect to atomic pair i − j can be obtained from
z i − j means the number of atoms j around atom i in a sphere of radius R. Dynamic properties of atoms were examined by analyzing mean square displacements (msd). The msd of atom i is given by msd = δr
A plot of msd versus time is a measure of the vibrational motion and self-diffusion of atom i in a simulated system. The self-diffusion constant of atomic species i, D i , was calculated from the gradient of the msd plot using the Einstein relation:
Results and Discussion

Local atomic coordinates in amorphous Si-B-C-N
As a typical example, an atomic structure of amorphous Si 3 B 3 C 3 N 4 obtained by the present MD simulation is displayed in Fig. 1 . It can be seen that constituent atoms are homogeneously distributed, and three-dimensional periodicity of atomic arrangement as would be found in crystalline material is absent.
Structural information about calculated amorphous networks can be obtained by analyzing PDFs, G(r). Calculated G(r) curves of amorphous Si 3 N 4 , Si 3 B 3 N 7 and Si 3 B 3 C 3 N 4 are plotted in Fig. 2 . In our previous study, we found that the overall profiles and peak positions of the calculated G(r) curves for amorphous Si 3 N 4 and Si 3 B 3 N 7 were in a good agreement with experimental data by X-ray diffraction and neutron diffraction measurements. 24) The first peak at 0.172 nm in the G(r) curve for amorphous Si 3 N 4 (Fig .   Fig. 1 Atomic structure of amorphous Si-B-C-N generated by MD. 2(a)) corresponds to nearest neighboring Si-N pairs. The Si-N bond length is very close to that reported by experiment (0.173 nm). 26) In contrast, a broader peak is located at around 0.30 nm, which is due to Si-Si and N-N atomic pairs. In the case of crystalline Si 3 N 4 , the interatomic distance between Si atoms at centers of neighboring SiN 4 tetrahedra is in the range of 0.28-0.32 nm. The distance of N-N at corners of a SiN 4 tetrahedron is also in the range of 0.27-0.31 nm. Since angular distortion of linkages between SiN 4 units is possibly included in the amorphous network, the distances of SiSi and N-N should exhibit wider variation than those in the crystalline state. Thus, these two atomic correlations overlap, forming a broad peak at around 0.30 nm.
In the case of amorphous Si 3 B 3 N 7 ( Fig. 2(b) ), the G(r) curve has an extra peak located at 0.148 nm, as compared to that of amorphous Si 3 N 4 . This is due to B-N bonding pairs in the amorphous state. Such a peak was also observed by experiment of Hagenmayer et al. (at 0.145 nm).
15) The B-N bond length is close to those in hexagonal BN (0.145 nm) and in amorphous BN (0.150 nm). 27) In contrast, it is found that the G(r) curve of amorphous Si 3 B 3 C 3 N 4 ( Fig. 2(c) ) is very similar to that of Si 3 B 3 N 7 . Therefore, characteristics of the G(r) curve for amorphous Si 3 B 3 C 3 N 4 due to carbon addition cannot be easily understood by a simple comparison with that for amorphous Si 3 B 3 N 7 . In order to examine the G(r) curve of amorphous Si 3 B 3 C 3 N 4 in detail, partial PDF curves g i − j (r) for individual atomic pairs are plotted in Fig. 3 . The most prominent peak of g B-N (r) is located at 0.150 nm. The strongest peaks of g B-C (r) and g C-C (r) are situated at 0.147 nm. These atomic correlations contribute to the first peak at around 0.15 nm in the G(r) curve of Fig. 2(c) . The g Si-N (r) and g Si-C (r) curves have the first peaks at 0.175 nm and at 0.185 nm, respectively. These distances are close to bond lengths of nearest neighboring Si-N pairs in crystalline Si 3 N 4 (0.174 nm) and nearest neighboring Si-C in crystalline SiC (0.189 nm). Therefore, these two correlations overlap with each other, which results in the second peak at around 0.18 nm in the G(r) curve of Si 3 B 3 C 3 N 4 . Beyond 0.20 nm, possible kinds of atomic correlations in the amorphous state merge to form a broad peak. It is noted that the g Si-Si (r) curve in Fig. 3 exhibits the first peak at around 0.24 nm. This indicates that Si-Si bonding pairs about 0.24 nm in length are present in the amorphous network of Si 3 B 3 C 3 N 4 . Since Si-Si bonding pairs were also experimentally found in amorphous Si 3 N 4 , 28) it is plausible that amorphous Si 3 B 3 C 3 N 4 contains Si-Si bonds in the network structure.
The first peaks of g i − j (r) curves correspond to nearest neighboring i − j pairs. Thus, average coordination numbers z i − j can be obtained by integrating g i − j (r) curves under first peaks according to eq. (4). Table 1 lists average coordination numbers in each amorphous system. The values of z Si-N in Si 3 N 4 and Si 3 B 3 N 7 were smaller than those by experiment. As stated in the case of Si 3 B 3 C 3 N 4 , however, our simulated amorphous structures contain Si-Si bonds. Such Si-Si bonds for Si 3 B 3 N 7 were not considered in the previous experimental study. 15) The sum of z Si-N and z Si-Si is 4.00 for Si 3 N 4 and 3.83 for Si 3 B 3 N 7 , which is close to the value of four as expected if Si atoms form tetrahedral units.
As compared to amorphous Si 3 N 4 and Si 3 B 3 N 7 , the value of z Si-N in amorphous Si 3 B 3 C 3 N 4 is smaller. However, Si atoms in Si 3 B 3 C 3 N 4 are bonded to C atoms with z Si-C = 1.32. In addition, amorphous Si 3 B 3 C 3 N 4 includes Si-Si bonds of Such a local compositional mixture around boron in amorphous Si-B-C-N was not clearly detected by previous experiments. Heinemann et al., however, suggested the presence of B-C bonds in the amorphous network. 16) In addition, carbonenriched amorphous Si-B-C-N, which was synthesized from a precursor including a number of B-C bonds, showed that the amorphous state brings about phase separation into Si 3 N 4 , SiC and BN at high temperatures. 4) It is plausible that a local structure around boron changes from BC 3 to BN 3 at high temperatures. It can be assumed, therefore, that amorphous Si-B-C-N contains a number of BN x C 3−x units in an intermediate state before crystallization.
Diffusion behavior
As shown in the previous section, Si and B atoms in amorphous Si 3 B 3 C 3 N 4 have bonding with both C and N atoms in the amorphous network. Such a local compositional mixture of atoms is expected to be disadvantageous to transformation of the amorphous state into thermodynamically stable crystalline phases such as Si 3 N 4 , SiC and BN. 17) Phase separation of the amorphous state, which would take place before crystallization, requires rearrangement of the amorphous network and atomic diffusion. In this section, we examine selfdiffusion behavior in amorphous Si-B-C-N.
Before going to detailed discussion of atomic diffusion in amorphous Si 3 B 3 C 3 N 4 , as a simple example, we begin examining dynamic behavior of atoms in amorphous Si 3 N 4 . Figure  4 displays atomic trajectories of Si and N at 1400 K for 10.0 ps in crystalline (β-Si 3 N 4 ) and amorphous Si 3 N 4 . It can be seen in Figs. 4(a) and (b) that trajectories of Si and N atoms in the crystalline state are much localized. This means that these atoms thermally vibrate around their mean atomic positions, and no diffusion can be observed in the perfect Si 3 N 4 lattice. As compared to this, Si and N atoms in the amorphous state exhibit broader trajectotries (Figs. 4(c) and (d) ), indicating that these atoms undergo significant thermal vibration in the amorphous network. Since greater thermal vibration increases probabilities of atoms diffusing through the amorphous network, Si and N atoms have higher atomic mobility than those in the crystalline state.
Self-diffusion behavior in the amorphous state can be analyzed from msd curves. Figure 5(a) shows msd curves of Si and N atoms in crystalline and amorphous Si 3 N 4 . It can be seen that the msd curves of Si and N in the crystalline state exhibit constant values with time. This corresponds to the localized trajectories of these atoms at around their mean atomic positions as shown in Fig. 4(a) . In contrast, the msd curves in the amorphous state increase with increasing time, indicating that atomic diffusion takes place in the amorphous state. In particular, N atoms exhibit larger amplitude of the msd curve than that of Si. It can be said, therefore, that N atoms are able to move more considerably than Si atoms through the amorphous state.
Due to the presence of B atoms in amorphous Si 3 B 3 N 7 , msd curves of Si and N show different behavior from those in amorphous Si 3 N 4 . Figure 5 Atomic motion of constituent atoms in Si 3 B 3 N 7 is much restricted due to the presence of boron. In addition, it should be noted in Fig. 5(b) that the msd curve of N becomes smaller than that of Si. It can be said that atomic motion of nitrogen is more reduced than that of Si by incorporation of B atoms.
In the case of amorphous Si 3 B 3 C 3 N 4 ( Fig. 5(c) The decrease in D Si and D N because of boron and carbon addition can be attributed to the presence of B-N and Si-C linkages in the amorphous network. As shown in Table 1 , B atoms in amorphous Si 3 B 3 N 7 have bonding with N atoms in a threefold coordinated state. In our previous study, 24) we found that atomic diffusivity of nitrogen in amorphous Si-B- N decreases as boron content increases. B-N linkages prevent nitrogen from diffusing through the amorphous state. Since the self-diffusion constant of boron is also smaller than that of nitrogen (see Fig. 6 ), they act as rigid linkages in the amorphous network. Then, the diffusivity of Si atoms bonded to B-N linkages also decreases slightly, as shown in Fig. 6 . In the case of amorphous Si 3 B 3 C 3 N 4 , the coordination number of z B-N is smaller than that in Si 3 B 3 N 7 . Alternatively, carbon is bonded to boron and silicon (see Table 1 ). Since carbon atoms have bonding mainly with Si, such Si- C bonds can also contribute to reducing atomic diffusivity in the amorphous state. In fact, our previous simulation of amorphous Si-C-N demonstrated that carbon addition leads to decrease in Si diffusivity due to covalent Si-C linkages.
29)
Thus, Si-C bonds in Si 3 B 3 C 3 N 4 also become rigid linkages in the network structure, in addition to B-N bonds. As a result, the values of D Si and D N in Si 3 B 3 C 3 N 7 become smaller, even compared to Si 3 B 3 N 7 .
When these rigid linkages of B-N and Si-C are homogeneously distributed throughout the amorphous state, rearrangement of the atomic structure, which would occur somewhere around a crystallization temperature, is inhibited. The combined effect of B-N and Si-C on lowering atomic diffusivity results in the enhanced thermal stability of amorphous Si-B-C-N relative to amorphous Si-N and Si-B-N.
Conclusions
We performed MD simulation of amorphous Si-B-C-N, using the Tersoff potential. We calculated the atomic structures of the amorphous state, and analyzed self-diffusion constants of constituent atoms at 1400 K. The excellent thermal stability of amorphous Si-B-C-N was investigated in terms of atomic diffusivity. The results obtained are summarized as follows.
(1) In our simulated structure of amorphous Si 3 B 3 N 7 , boron atoms are nearly threefold coordinated by nitrogen atoms, which is consistent with experiments previously reported. While boron atoms in amorphous Si 3 B 3 C 3 N 4 are bonded to both carbon and nitrogen atoms, indicating that a local compositional mixture of carbon and nitrogen is present around boron. Carbon atoms in Si 3 B 3 C 3 N 4 also have bonding with silicon atoms.
(2) The calculated self-diffusion constant of nitrogen in Si 3 B 3 N 7 is much smaller than that in amorphous Si 3 N 4 , due to the presence of B-N linkages in the amorphous network. B-N bonds act as rigid linkages, preventing nitrogen atoms from diffusing through the amorphous state.
(3) Our simulation shows that amorphous Si 3 B 3 C 3 N 4 has smaller self-diffusion constants of constituent atoms, even compared to Si 3 B 3 N 7 . The atomic diffusivities of nitrogen and silicon decrease due to B-N and Si-C linkages in the network, respectively. The combined effect of B-N and Si-C on lowering atomic diffusivity explains the enhanced thermal stability of amorphous Si-B-C-N relative to amorphous Si-N and Si-B-N.
